Abstract Early after injury, local tissue damage induces a local and systemic inflammatory response that activates the immune system and leads to the development of systemic inflammatory response syndrome (SIRS). This post-traumatic response often results in uncontrolled release of inflammatory mediators and over-activation of the immune system, which occasionally results in multiple organ dysfunction syndrome (MODS). In parallel, a state of immunosuppression develops. This counterregulating suppression of different cellular and humoral immune functions has been termed Bcompensatory antiinflammatory response syndrome (CARS).^Both SIRS and CARS occur simultaneously even in the initial phase after injury. Pro-and anti-inflammatory cytokines have been suggested to play a major role in development of SIRS, although the degree of involvement of the different cytokines is quite disparate. While TNF-α and IL-1β are quite irrelevant for predicting organ dysfunction, IL-6 is the parameter that best predicts mortality. The hyperinflammatory state seems to be the cause of posttraumatic immunosuppression and heat shock proteins (HSPs), which have been proposed as one of the endogenous stimuli for the deterioration of the immune system acting as danger-associated molecular patterns (DAMPs). Extracellular HSPA1A released from injured tissues increase up to ten times immediately after trauma and even more in patients with MODS. It has powerful immune properties that could contribute to post-traumatic immunosuppression through several mechanisms that have been previously described, so HSPs could represent trauma-associated immunomodulatory mediators. For this reason, HSPA1A has been suggested to be a helpful early prognostic biomarker of trauma after severe injury: serial quantification of serum HSPA1A and anti-Hsp70 concentrations in the first hours after trauma is proposed to be used as a predictive biomarker of MODS and immunosuppression development in polytraumatized patients.
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Introduction
Despite the therapeutic advances in prehospital care and intensive care units, polytrauma continues to be the leading cause of death in subjects under 45 years of age (Demetriades et al. 2004) . This results in an enormous financial burden due to the long stays in intensive care units, the need to undergo various operations, and the healthcare and social management of the sequelae of polytrauma patients, which in 1994 amounted to 20 billion pounds in the UK (Sikand et al. 2005) .
Early mortality following polytrauma is primarily caused by massive blood loss and severe brain injury. Late mortality is caused by secondary brain injury and by host defense or multiple organ failure (von Rüden et al. 2013 ). In the initial phases after injury, local tissue damage caused by contusions, lacerations, hypoxia, or hypotension induces a local and systemic inflammatory response intended to preserve immune integrity and to stimulate repair mechanisms. The damage to the cells induces the release of so-called danger-associated molecular patterns (DAMPs) (Keel and Trentz 2005) . These DAMPs lead to immune system activation and to the development of the systemic inflammatory response syndrome (SIRS) (Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. In: American College of Chest Physicians/ Society of Critical care Medicine Consensus Conference 1992). Furthermore, the reperfusion leads to an increase in reactive oxygen species that also induce an immune response. Depending on severity of the aggression and on the immune status of patients, the post-traumatic response often leads to the uncontrolled release of inflammatory mediators that injure tissues, and to over-activation of the immune system, sometimes causing multiple organ failure (multiple organ dysfunction syndrome, MODS) (Lausevic et al. 2008; Namas et al. 2015) ; MODS is a dreaded complication in post-traumatic polytrauma patients (Cherry et al. 2007 ).
In addition, soon after trauma, a state of immunosuppression develops to a degree correlating with the severity of the trauma. This counter-regulating suppression of different cellular and humoral immune functions has been termed Bcompensatory anti-inflammatory response syndrome (CARS).^Both SIRS and CARS occur in parallel even early after injury. The immunosuppression is responsible for the increased risk of infectious complications in severely injured patients.
The role of cytokines
Research over the past decade has suggested a major role of pro-and anti-inflammatory cytokines in SIRS development (Sousa et al. 2015) . Cytokines are signaling molecules of the immune system, which are secreted by the different cells of the immune system. Other cells, such as endothelial cells, are also able to produce cytokines to interact with the immune system. In acute immune response, the cytokine tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-1β are primarily secreted. These induce the secondary immune response, where IL-6 and the anti-inflammatory IL-10 are released (van Griensven 2014) . Patients with systemic inflammation have shown elevated serum levels of TNF-α, IL-1β, or IL-8, whereas IL-6 has been correlated to the injury severity score (ISS), incidence of multiple organ failure, sepsis, and survival prognosis (Cuschieri et al. 2010) .
In the first hours, proinflammatory cytokines activate recruitment and phagocytic activity of polymorphonuclear leukocytes (PMNLs), the first line of immune defense, and stimulate PMNLs to release free oxygen radicals. An increase occurs in the production of granulocytes and their release to peripheral blood from the bone marrow, as well as a reduction in PMNL apoptosis that results in leukocytosis during SIRS, irrespective of the presence of sepsis (Tidball 2005) . It has been shown that 92% of patients with severe injuries develop a SIRS response during the 1st week of hospitalization and that this leukocytosis is not correlated with the possible presence of bacteremia (Claridge et al. 2010) . In a former study by our group, 18 patients who met the defining criteria for polytrauma with a score in the abbreviated injury scale greater than 2 in at least two body regions of the ISS (Kelly et al. 2014) and an ISS greater than 16 (Keel and Trentz 2005) were included. Data collection was performed at hospital admission and 12, 24, and 48 h post-trauma. All patients, with or without MODS, had significant leukocytosis in the first 24 h after admission (Butcher et al. 2013) as part of the SIRS response.
Proinflammatory cytokines also activate the coagulation cascade along both the classical pathway and the intrinsic coagulation system. In the initial phase, enhanced thrombin formation increases fibrinogen cleavage and reduces fibrin monomers from polymerizing to form stable fibrin clots (hypercoagulability), which is why fibrinogen depletion is observed (Guisasola et al. 2015) . In the following hours, in the presence of tissue hypoperfusion and significant thrombin generation, the endothelium expresses thrombomodulin, which triggers a Bthrombin switch^by which thrombin is no longer used for fibrin generation, but to produce activated C protein and early systemic anticoagulation. Since less thrombin is available to cleave fibrinogen, higher fibrinogen levels are detected in plasma (Wirtz et al. 2017) , in line with our own findings. However, pathological findings suggesting disseminated intravascular coagulation are exceptionally uncommon in trauma and were not seen in any of the study patients (Rizoli et al. 2011) .
The main effect of IL-6 is to induce synthesis of acute phase proteins in the liver, such as C-reactive protein (CRP). Increased CRP levels are apparent 8 h after the trauma and peak values are usually reached at 48 h (Mimoz et al. 1998 ). The decrease in CRP is parallel to the resolution of the stimulus giving rise to it, whereas persistence of an elevated CRP level indicates that the inflammatory process persists. In our study, CRP concentration was higher than normal on admission to the emergency department and gradually increased until reaching peak values at 48 h. However, various studies have found no correlation between serum CRP concentration and trauma severity or prediction of survival in polytraumatized patients (Mimoz et al. 1998) . The presence or not of MODS did not cause significant changes in plasma levels of leukocytes or fibrinogen or in serum CRP of our patients, so their significant increase after polytrauma may be only explicable in the context of SIRS, irrespective of other possible associated complications.
The degree of involvement of the different cytokines in the clinical course of polytraumatized patients is quite disparate. In this, there is a bias factor resulting from the half-life of each cytokine, the time of its peak production, and the time when blood samples are taken in each study. TNF-α and IL-1β are considered hyperacute proinflammatory cytokines with effects 1-2 h after the polytrauma, whereas both IL-8 and IL-6 are subacute cytokines, with peaks between 1 and 4 h after the aggression and subsequently sustained levels that make them more easily detectable than TNF-α and IL-1β (Giannoudis et al. 2004) .
TNF-α has a short half-life in plasma of 14-18 min, peaks in 1 or 2 h being fundamental in the activation of SIRS, and may have significantly decreased at 4-6 h, which might reduce its role in the severity assessment with contradictory results reported in literature (Giannoudis et al. 2004; Ciriello et al. 2013 ) and makes pre-analytical management very important. Most TNF-α studies available in patients with multiple injuries have focused on the clinical course of patients with septic shock secondary to abdominal pathology admitted to intensive care units, in which the results of use of TNF-α as predictor of sepsis and mortality have been disappointing, but this sequential pattern of release has not been found in trauma (Dekker et al. 2016) . It can be concluded that TNF-α has little value for predicting injury severity or outcome or to predict development of MODS (Weckbach et al. 2012) .
IL-1β acts by inducing fever, hypotension, endothelial cell adhesion as a procoagulant, and chemotaxis of PMNs and macrophages, and works synergistically with TNF-α. The half-life of IL-1β is approximately 10 min, which makes its detection after trauma more unlikely. Therefore, the preanalytical problems for IL-1β are similar to those for TNF-α. In our study, it was undetectable in the control group but could be detected in polytraumatized subjects, without variations in the times studied and without discriminating between patients with or without MODS. This is in line with the results reported by other researchers who, after studying the cytokine profile in 143 patients with an ISS ≥ 16, concluded that IL-1β has no value for predicting organ dysfunction (Frink et al. 2009 ).
IL-6 is a secondary cytokine that is induced by TNF-α, IL-1β, and other factors. It is less transient and therefore more easily measured than either TNF-α or IL-1β. High levels of IL-6 have been shown as of the 1st hour after trauma and remain for a few days (Giannoudis et al. 2004 ). IL-6 is currently considered as the most accurate prognostic marker of outcome in trauma patients with SIRS, sepsis, or MODS (Volpin et al. 2014; Pape et al. 2007 ). In fact, Frink et al., after a logistic regression analysis, demonstrated that IL-6 not only was correlated with the risk of MODS but also predicted MODS development with an overall accuracy of 84.7%, and that IL-6 was the parameter that best predicted mortality, with an accuracy of 86.1% at day 1 and 83.2% at day 2 (Frink et al. 2009 ).
IL-6 also has anti-inflammatory properties, both due to the induction of the release of prostaglandin E2, a powerful endogenous immunosuppressant, by macrophages (Tilg et al. 1997) , and to the promotion of the release of IL-1β and TNF-α receptor antagonists (Frolov et al. 2013 ). This, together with the production of specific anti-inflammatory cytokines such as IL-10 and IL-4, causes the initial proinflammatory cell-mediated immune response of the innate immune system to be followed by a CARS, which is mediated by cells from the acquired immune system. This hyperinflammatory state appears to be the cause of post-traumatic immunosuppression and increased susceptibility to infections and septic complications (Reikeras 2010) ; it has also been called sterile inflammation, due to the absence of bacterial infection at the time of the traumatic event. Immune system deterioration has led to the suggestion that this post-traumatic immunosuppression should be triggered by endogenous stimuli, among which heat shock proteins (HSPs) have been proposed (Flohé et al. 2007a, b) .
The heat shock proteins
Heat shock or stress response is the name given to a highly preserved cell response to injury. It is a cell defense mechanism characterized by an increased expression of heat shock or stress proteins that increase cell protection from aggressions that would otherwise prove fatal. HSPs, constitutively expressed by all cells, are essential for significant cell processes such as protein folding, protein protection from denaturation or aggregation, and facilitation of protein transport through membrane channels (De Maio 1999; DeMeester et al. 2001) . Although HSPs were considered for some time as intracellular molecules that could only be released to the extracellular medium from necrotic cells by a passive mechanism (Calderwood et al. 2007) , it is currently known that they may be released by non-necrotic cells via an active mechanism including the non-classic protein release pathway, through which HSPs are released both as free proteins and within highly immunogenic exosomes (Asea 2008) . Within the HSP superfamily, the most widely studied family of proteins related to the biology of inflammation is HSPA1A (Hsp70) (Kampinga et al. 2009 ). HSPA1A has been shown to be present in the serum of normal subjects (Dulin et al. 2010) , and circulating HSP levels have been found to be increased in patients with some types of cancer, cardiovascular disease, renal disease, and acute conditions such as infections, and in severely injured patients (Zhang et al. 2011; Chebotareva et al. 2017; Koliński et al. 2016; Pittet et al. 2006) . Extracellular HSPA1A has powerful immune properties: it activates the classical complement pathway, participates in exogenous antigen processing and presentation, and shows immune reactivity to endogenous HSPs (Pockley et al. 2008) . It can also have an immunostimulatory effect and activate the host inflammatory response. As such, HSPs are involved in the acquired immune response by enhancing antigen processing and presentation through the MHC class II pathway, and also in the innate immune response, as they have been found to be involved in bacterial lipopolysaccharide recognition. As early as 2-4 h after exposure of antigenpresenting cells (APCs) to exogenous HSPA1A, significant amounts of cytokines such as TNF-α, IL-1β, IL-6, and IL-12, and GM-CSF, nitric oxide, and chemokines, including MIP1, MCP1, and RANTES, are released. To sum up, multiple data are available suggesting that HSPs are potent inducers of inflammatory events (Asea 2008) .
As stated above, extracellular HSPs released from destroyed tissue and damaged cells can activate the host inflammatory response: this effect is the so-called first-hit phenomenon of the two-hit theory and occurs very early after trauma (Giannoudis 2003) . In 29 patients who met at least two of four conventional criteria for SIRS, extracellular HSPA1A levels were significantly higher than in a control healthy-volunteers group and correlated with the severity of illness (Vardas et al. 2014) , which leads the authors to suggest that these findings reinforce the hypothesis that extracellular HSPs may act as danger signal to modulate the immune system. In a previous study of our group (Guisasola et al. 2015) , HSPA1A serum concentrations up to ten times higher immediately after injury were observed in polytraumatized patients (ISS > 16) versus control subjects, levels that remain elevated until 48 h after the accident following a time-kinetics concordant with that previously described (Pittet et al. 2006) . The reported biological half-life of HSPA1A is 18 h (Gerner et al. 2002; Brøchner and Toft 2009) , which suggests that persistence of its levels may be due to continuous release and/or delayed clearance from circulation of the protein. The high extracellular concentration of HSPA1A was even greater in patients with MODS. Although our research did not include follow-up of survival after hospital discharge and all patients except one survived during admission, the greater elevation of extracellular HSPA1A in patients with MODS corroborates the proinflammatory role of this protein in situations of severe trauma reported by other authors, who also correlated it with survival and morbidity (Vardas et al. 2014; Dehbi et al. 2010) .
Therefore, it can be suspected that the release of HSPA1A into serum could provide the body with a way to monitor the extent of damage to organs and tissues after trauma and that, as its plasma levels have been found to be associated to MODS and death, HSPA1A could possibly be a useful prognostic trauma biomarker early after severe injury of the degree of injury suffered by trauma patients (Ren et al. 2016) . Patients with HSPA1A who have concentrations up to ten times higher than the normal would be candidates for submission to a Bdamage control surgery^as a treatment strategy of temporization which radically increases the survival in these most seriously injured patients (Lamb et al. 2014) .
In parallel to the hyperinflammation cascade, a state of immunosuppression rapidly occurs after trauma; it is termed Bcompensatory anti-inflammatory response syndrome (CARS)^and it is associated with increase production of anti-inflammatory cytokines and the development of immunosuppression (Binkowska et al. 2015) , that in turn is responsible for the increased risk of infectious complications in severely injured patients (Probst et al. 2009; Reikeras 2010; Xiao et al. 2011) . Nevertheless, and despite the research carried out in recent years, the exact mechanisms involved in suppression of several cellular and humoral immune functions remain unclear. Matzinger formulated its Bdanger theory^in 1994 (Matzinger 1994 ) and according to it, danger signals are part of a model of immunity; the immune system responds to substances that cause damage and these alarm signals are molecules released by cells undergoing stressed or injured tissues; these molecules are sensed by resting antigen-presenting cells (APCs) and induce APCs to become activated and to initiate immune response (Matzinger 1998; Gallucci and Matzinger 2001) . Since then, several authors have proposed HSPs as good candidates to be alarmins: HSPs can activate dendritic cells and macrophages in the absence of foreign pathogens to trigger an innate immune response and can act as chaperones to participate in the adaptive immune response making the HSPs the first large family of endogenous danger signals and a prime example of DAMPs (Osterloh and Breloer 2008; Borges et al. 2012 Borges et al. , 2016 .
The group of Flohe (Flohé et al. 2007a (Flohé et al. , b, 2008 proposes that HSPs released from injured tissues could contribute to the immunosuppression that is observed after multiple injuries, and this activity may be explained through several mechanisms. On one hand, Toll-like receptors (TLRs) are the primary sensors of pathogen invasion, and signal initiation of both innate immune response and development of antigen-specific adaptive immunity. After injury, increased expression of TLRs located on macrophages and neutrophils have been described (Binkowska et al. 2015) . Trauma releases HSPS that bind to TLR2 and TLR4 (Ren et al. 2016 ) on immune cells which induces a predominantly anti-inflammatory response characterized by IL-10 release; this leads immune suppression indicated by decreased monocytic HLA-DR expression and the reduction of TNF-α/IL-6 (Timmermans et al. 2016) .
On the other hand, it has been proposed that premature programmed cell death plays a crucial role in the immunosuppressed response after injury and that increased levels of endogenous inflammatory mediators, including HSPs, may activate apoptotic signaling pathways in various innate immune cells (Tschoeke and Ertel 2007) . HSPs can contribute to the trauma-mediated immunosuppression through their effects on monocytes as well. Circulating monocytes stimulated by proinflammatory cytokines and presenting antigens are involved in innate and specific immune system responses, and HSP32 (heme oxygenase-1, HO-1) has been suggested to be involved in monocyte-mediated immune response depression in severely ill patients (Mohri et al. 2006) . Moreover, it has been shown that HSPA1A inhibited mononuclear cell-derived TNF-α secretion (Luo et al. 2008) . Reinforcing the anti-inflammatory properties of HSPA1A, Stice et al. showed that part of its antiinflammatory activity is due to the inhibition of the expression of proinflammatory transcription factors such as the nuclear factor κβ by blocking the target, activation, and binding (Stice and Knowlton 2008) . Therefore, HSPA1A can be proposed as a possible immunosuppressive mediator related to polytrauma. In our former research, parallel to the increase in the serum HSPA1A levels in polytraumatized patients, a significant decrease was seen in the levels of anti-Hsp70 antibodies, and may reflect a part of post-traumatic immunosuppression at the humoral level. The above allows us to presume that HSPs could represent trauma-associated immunomodulatory mediators.
Conclusion
To summarize, IL-6 can be proposed as a potential early predictive marker for systemic inflammatory response, but TNF-α is of little value for predicting injury severity, outcome, or MODS development, and IL-1β is an inefficient parameter and does not therefore warrant inclusion in future studies. Circulating HSPA1A concentrations could serve as a helpful prognostic biomarker early after severe injury, and their quantification may be a valuable predictive tool. Given the role of HSPs in immunosuppression early after severe trauma, monitoring of anti-Hsp70 in the first hours after injury would be a valuable tool for predicting the potential progression of the patient towards immunosuppression. In short, serial quantification of serum HSPA1A and anti-Hsp70 concentrations in the first hours after trauma is proposed as predictive biomarkers of MODS and immunosuppression. This would allow therapeutic and supportive measures to be taken, aimed at reducing sequelae, infections, and other complications, which are responsible for the increase in direct and indirect costs that this type of patient entails for national health systems.
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